Abstract.-The macroevolutionary processes underlying large-scale biotic replacements are still poorly understood. Opinion remains divided regarding the roles of mass extinction, biotic interaction, and environmental perturbations in these replacement events. Previous attempts to test replacement hypotheses have largely focused on taxonomic diversity patterns. Taxonomic data alone, however, provide little insight about ecological interactions and hence other approaches are needed to understand mechanics of biotic replacements. Here I propose a conceptual model of replacement based on predation-mediated biotic interactions, and attempt a test using analysis of the Cenozoic replacement of the gastropod family Aporrhaidae by a closely related group, the Strombidae.
Introduction discussion in Allmon 1994). A similar debate
The replacement of one major group of oralso exists regarding the role of mass extincganisms by another has been a recurrent feations in biotic replacements. The common poture in the history of life. While a number of sition in this regard has been that mass exsuch replacements have been documented, lit-tinctions are important in mediating replacetie is known about the underlying evolution-ments as reduce the estabary mechanisms. In particular, the role of bi-lished groups and hence provide taxa a otic interactions in replacements is still debat-chance to radiate (e.g., Benton 1987 Benton , 1991 ; Jaed (see Benton 1987 Benton , 1991 . While blonski 1989; Hallam 1990 ; Rosenzweig and some workers have argued that ecological McCord 1991) . Some workers, however, recompetition plays a negligible role in large-main skeptical, and such a role for extinction scale replacements (e.g., Raup et al. 1973 ; has recently been challenged from a concep- Gould and Calloway 1980; Benton 1987 Benton ,1991 tual perspective (Masters and Rayner 1993) . Masters and Rayner 1993) , others have pos-A significant obstacle to resolving this detulated a more central role for biotic interac-bate is methodological. Most of the debate on tion (Stanley and Newman 1980; Krause 1986 ; large-scale replacements is based either on Jackson 1988; Maas et al. 1988; Miller and Sep-conceptual arguments or on taxonomic diverkoski 1988; Rosenzweig and McCord 1991; sity patterns (e.g., Gould and Calloway 1980; Lidgard et al. 1993; Van Valen 1994 ; also see Benton 1987 Benton ,1991 Masters and Rayner 1993) .
However, taxonomic data may be inadequate for addressing these kinds of questions as they reveal little about ecological interactions (Vermeij 1987; Jackson 1988) . Important insight into this problem can be gained only by adding other kinds of data dealing with the morphology, biogeography, functional morphology, and relative abundance of the organisms involved in the biotic replacements. The few studies that have investigated replacement events using such data (e.g., Krause 1986; Maas et al. 1988; Rosenzweig and McCord 1991, and Lidgard et al. 1993 )have inferred biotic interactions to be important. This paper has two main objectives: (1) to formulate a conceptual model of long-term replacement that incorporates biotic interactions, mass extinctions, and environmental change, and (2) to test this model through the analysis of one replacement event, the Cenozoic replacement of the marine gastropod family Aporrhaidae by the Strombidae, using a combination of taxonomic, morphologic, functional, and geographic data.
The families Aporrhaidae and Strombidae (along with Struthiolariidae and Seraphsidae) belong in the superfamily Stromboidea, a group of marine gastropods characterized by a highly modified apertural margin. The aporrhaids evolved during the latest Triassic and were an important component of the late Mesozoic marine gastropod fauna (Roy 1994) . Strombids probably evolved from the aporrhaids during the Cenomanian-Turonian but remained at very low diversity for the rest of the Cretaceous. The end-Cretaceous (K/T) mass extinction removed about 76% of aporrhaid genera while strombid diversity was unaffected. Following the extinction, the early Cenozoic saw a rapid taxonomic radiation of strombids accompanied by a decline in aporrhaid diversity (Fig.1) . During the Cenozoic the strombids became the dominant member of the superfamily Stromboidea and appear to have replaced aporrhaids both taxonomically as well as geographically. In modern oceans strombids are an important component of shallow-water molluscan faunas in tropical and subtropical areas while the four extant species of aporrhaids (in two genera) have a restricted distribution, mainly in the temperAporrhaidae 0St rombidae (Max) h S t rombidae (Min) FIGURE1 . Taxonomic diversity of Aporrhaidae and Strombidae from Campanian to Recent. Taxonomic diversity is defined as the total number of genera present during any given time period and has been plotted at the end of each time interval. The timescale is that of Harland et al. (1990) , with abbreviations as follows: Campanian (Cmp), Maastrichtian (Maa), Paleocene (Pal), early Eocene (E. Eoc), mid-Eocene (M. Eoc), late Eocene (L. Eoc), Oligocene (Oli), Miocene (Mio), Pliocene (Pli), and Recent (Rec). The diversity of strombids was estimated using two different taxonomic schemes (see text) leading to maximum (open circles) and minimum estimates (open triangles).
ate Atlantic. The two other members of this superfamily, Seraphsidae and Struthiolariidae, have been excluded from this analysis as there is no indication that they were involved in the replacement event. The struthiolariids are an exclusively Southern Hemisphere group that never geographically overlapped with the strombids. The seraphsids, on the other hand, are a tropical group and did coexist with the strombids. However, the only surviving genus is a burrower in sand and although its ecology is poorly known (see Jung 1974) ,seems to have a life habit distinct from that of strombids or aporrhaids, especially with respect to the functional and behavioral parameters outlined below.
The data for this study come from two primary sources: (1) collections in the National Museum of Natural History, Washington D.C.; U.S. Geological Survey, Reston, Virginia; Natural History Museum of Los Angeles County; Natural History Museum, London; Museum National d'Histoire Naturelle, Paris; and Museum of the University of West Indies, Kingston, Jamaica;and (2)extensiveliterature search.
The Monophyly Question
Do the groups involved in biotic replacements need to be monophyletic? A number of well-known examples of biotic replacements involve nonmonophyletic taxa (e.g., gymnosperms vs. angiosperms, Cambrian vs. Paleozoic marine invertebrates, dinosaurs vs. mammals; see Benton 1987 Benton , 1991 for other examples). However, Benton (1991) has recently argued that postulated biotic replacements must involve only monophyletic groups. The justification of this position appears to be that only monophyletic clades represent "natural" groupings of taxa and hence are the sole units that can be used to study "real" macroevolutionary dynamics. However, I do not consider it necessary to invoke the strict monophyly criterion in studies of biotic replacement; replacements involving paraphyletic groups are just as valid and interesting as those involving monophyletic groups. First, recent simulation studies have suggested that, given the nature of the fossil record, paraphyletic groups may, in fact, be better at capturing large-scale macroevolutionary patterns than monophyletic groups (Sepkoski and Kendrick 1993) . Second, paraphyletic groups often have characteristic functional and behavioral traits that make them valid ecological units (Sepkoski 1984 (Sepkoski , 1987 Van Valen 1985; Valentine 1990; Vermeij 1994) . Of course, several workers have criticized this position by arguing that the boundaries of paraphyletic groups depend on the subjective judgments of systematists and hence such groups have questionable validity (see Smith and Patterson 1988; Benton 1991; Smith 1994) . In the present context this criticism appears unjustified as ecological and phylogenetic groupings represent different entities and should never be equated (see Eldredge 1985 Eldredge , 1986 Eldredge , 1989 Eldredge , 1992 . For example, aporrhaid gastropods (a paraphyletic group) are characterized by a leaping mode of locomotion and a set of behavioral traits that are absent from all other gastropods (see discussion below). Strombid gastropods, the monophyletic clade that descended from the aporrhaids, on the other hand, are also characterized by a leaping mode of locomotion, but with fundamentally different mechanics, and a different set of behavioral attributes that are unique to them (see below). If we were interested in studying the evolution of leaping vs. crawling locomotion in gastropods then of course the monophyletic group Stromboidea would be the unit of choice. However, the paleoecological and evolutionary consequences of the origin of a fundamentally different style of leaping locomotion in one subset of the clade in question cannot be studied without the use of a paraphyletic group. Note that while there is phylogenetic continuity between the two groups in question, they can be easily separated into two ecological units based on a set of explicit and objective functional and behavioral traits (see Jablonski and Bottjer 1990 for a similar argument regarding the crinoid order Isocrinida; Hay 1994 and references therein for a discussion of the ecological importance of polyphyletic functional groups; also Vermeij 1994) . Rosenzweig and McCord (1991) have argued that even the somewhat old-fashioned concept of grades often reveals broad sets of constraints operating in a group at any given time in its evolutionary history and hence the replacement of one grade of organisms by another can provide insights into mechanisms of faunal replacements.
Thus, as long as the groups involved are defined on the basis of an explicit and objective set of ecological, functional, and/or morphological parameters, quantification of empirical patterns of biotic replacement is not contingent on the presence of a phylogenetic framework. Phylogenetic hypotheses, however, serve an important role once such patterns of biotic replacement have been quantified as they can then be used as tests of potential macroevolutionary processes driving the patterns. For example, the role of species/clade selection in biotic replacements (see Stanley 1979; Williams 1992) is still unresolved and obviously can be addressed only within a phylogenetic framework.
A Conceptual Model of Biotic Replacements
The models of competition traditionally used in paleontological studies (either implicitly or explicitly) have been derivations of the Lotka-Volterra model (i.e., direct competition) in which the success of one group drives the gradual demise of the other. As has been correctly pointed out, not only are there serious theoretical problems in scaling up this type of competition into macroevolutionary time (although see Sepkoski 1994) but there is also little evidence for competitive extinction in the fossil record (see Benton 1987 Benton , 1991 Wiens 1989; Rosenzweig and McCord 1991) . While the role of direct competition remains questionable, effects of alternative modes of biotic interactions on evolutionary replacements remain underexplored. One example of such interactions that has been explored in this context is ecological advantages due to incumbency (e.g., Valentine 1990; Hallam 1990, Rosenzweig and McCord 1991) . However, a second type of interaction that has received little attention from the evolutionary perspective is indirect interaction due to shared predators, also called "apparent competition" (see Holt 1977; Jeffries and Lawton 1984; Holt and Lawton 1994) . Theoretical as well as experimental investigations of this type of interaction have revealed that, on ecological timescales, the effects of two species sharing a common enemy can often be identical to conventional forms of interspecific competition (see Holt and Lawton 1994 , and references therein). The conceptual model outlined below attempts to integrate this notion of interactions into long-term biotic replacements.
Consider a group of species vulnerable to certain predators but possessing an exaptation that provides some defense against these enemies. Everything else being equal, on evolutionary timescales this predator-prey system would be at dynamic equilibrium so that both predators and prey should have characteristic origination and extinction rates. Let us assume that in some portion of the geographic range of the first set of species a second group evolves from it. Let us further assume that the new group of species is characterized by a derived set of attributes (morphological and/or behavioral) that is better at resisting predation compared to the first group. In areas where the two groups overlap they will experience shared predation, which can lead to either a reduction in abundance of one species or its elimination from that community (Jeffries and Lawton 1984 and references therein). A point worth noting here is that the evolution of a particular anti-predatory trait in a group of species can often impose constraints on various aspects of their ecology (see Jeffries and Lawton 1984) , and hence groups of species sharing similar ways of avoiding predators can often converge on similar ecological requirements. In the present scenario, as far as the first group is concerned, the effects of this "apparent competition" (sensu Holt 1977) may be partially offset by the advantages of ecological incumbency especially if the ancestral group is significantly more diverse taxonomically and widespread geographically. However, if the system is sufficiently perturbed (e.g., through a mass extinction), and the incumbent group loses its "home-field advantage" (sensu Pimm 1991) , the effects of indirect competition through the sharing of enemies would intensify, with the second group being less vulnerable to predation. This, over evolutionary time, could lead to the replacement (partial or total) of the first group.
The above model is consistent with the dynamics of "apparent competition" (see Holt and Lawton 1994) and with advantages of incumbency in ecological systems and on geological timescales (e.g., Pimm 1991; Rosenzweig and McCord 1991; Massot et al. 1994 ). Finally, it makes evolutionary sense given the observation that predation has been an important driving force in the history of marine life (see Vermeij 1987 Vermeij , 1994 . Also, since it makes certain predictions about the replacement patterns, it is testable using paleobiological data. The main predictions of the model include the following: (1)the groups involved in the replacement must have traits (functional, behavioral, or both) that demonstrably resist certain types of predation, and they must have similar ecological requirements; (2) the major phase of replacement must follow a mass extinction; and (3) the groups involved should overlap geographically. Before these predictions can be tested, two final points need to be addressed. The first involves the question of how the biotic interactions of the type described above would translate into macroevolutionary patterns. This remains a problem given our limited insight regarding speciation mechanisms (see Jackson 1988). However, it has been argued that the kinds of interactions discussed here are more likely to translate into macroevolutionary trends through speciation rate advantages rather than through extinctions (see Vermeij 1987 Vermeij ,1994 Rosenzweig and McCord 1991; Allmon 1994) . Thus, replacements of this type should be driven by increased speciation in the replacing group. Finally, given the timescales involved, replacement models of the nature discussed here must consider the effects of long-term fluctuations in environmental parameters. These effects would vary from event to event but, in general, should be manifested as changes in the geographic distribution of the species involved, which in turn should affect the intensity of biotic interactions.
Aporrhaidae and Strombidae
Ancestry and Ecology.-The family Aporrhaidae first appeared in the latest Triassic, and the group reached maximum taxonomic diversity and a global distribution during the Cretaceous (Roy 1994) . The ancestry of aporrhaid gastropods is not clear and affinities with Cerithiidae and Loxonematoidea have been proposed (see Roy 1994) . The aporrhaids are generally considered to be ancestral to the family Strombidae, which originated during Cenomanian-Turonian times. As discussed later, strombids were restricted both taxonomically and geographically during the rest of the Cretaceous and did not become important until after the end-Cretaceous extinction.
Aporrhaid and strombid gastropods are both characterized by highly modified and expanded apertural margins. Both groups exhibit determinate growth, so that fully developed apertural margins indicate a cessation of growth and attainment of sexual maturity. The exact functional significance of the apertural modifications is not fully understood although they clearly play important roles in avoiding both durophagous and drilling predators and in locomotion (Perron 1978a,b; Merz 1979; Savazzi 1991) . Strombids and aporrhaids differ from other gastropods in that they both exhibit a "leaping" style of locomotion, albeit with different mechanics (see below). Both groups are exclusively herbivorous or detritivorous, feeding mainly on macroalgae, epiphytes, and bacterial mats (Perron 1978a for aporrhaids; Geary and Allmon 1990; Savazzi 1991 and references therein for strombids). The living members of Aporrhaidae show a characteristic seasonal burrowing behavior in which they are epifaunal grazers for part of the year while the rest of the year is spent infaunally without feeding (Perron 1978a) . Similar seasonal burrowing cycles, which are otherwise rare in marine gastropods, may also be present in certain strombid species (Percharde 1968 (Percharde , 1970 Perron 1978a; Geary and Allmon 1990 and references therein) although detailed ecological observations are lacking. The two families, however, differ substantially in their environmental distributions. Recent strombid species occur exclusively in shallow waters of tropical and subtropical areas (Clench and Abbott 1941; Abbott 1960; Geary and Allmon 1990) , and fossil species appear to show similar preferences (Savazzi 1991; this study) . Recent aporrhaids, on the other hand, are mainly confined to temperate waters and have extensive depth ranges (Perron 1978a; Kronenberg 1991) , whereas fossil species were globally distributed during the Mesozoic (Roy 1994) . At present the only geographic overlap between the two groups is off West Africa but even here their bathymetric distributions seem to be disjunct as the aporrhaids are apparently restricted to deeper waters (55 meters and deeper, see Kronenberg 1991) .
Feasibility of Interaction.-The discussion so far has highlighted the fact that the close phylogenetic relationship of the two families, Aporrhaidae and Strombidae, has resulted in the sharing of a number of unique ecological and functional traits. There are, however, important differences between the two groups, and it is these differences that provide the context for biotic interaction between them. While aporrhaids and strombids both share a "leaping" style of locomotion, the mechanics of the process differ significantly for the two groups. Locomotion in stromboidean gastropods can be divided into three types, each associated with a characteristic style and rate: (1)normal locomotion, i.e., movements during feeding and related activities in the absence of pred- Data for .strombids from Berg (1974) , for aporrha~ds from Perron (1978b) . Strombid values based on mean rates for S. ni~rlabrlis, S, m a c z~i a t~~s , largely to the fact that strombids use their large operculum as a lever to generate a series of very rapid leaps away from the predator while aporrhaids, lacking a well-developed operculum, are not capable of moving in such a manner or so rapidly. It should be pointed out that while the strombids show some of the most specialized and effective escape responses known among gastropods, the escape S. grbberulus, S. l~lhiianlrs, and S. lentrg~noslrs,which are comparable in size to A, occidenfalrs, the b a s~s for aporrhaid data. Values for four species of Lanibis listed in Berg (1974) are excluded because they are much larger in size Their lnclus~on would make the difference in escape rates even more pronounced.
ators; (2) escape locomotion, i.e., rapid movement away from predators (mainly molluscan); and (3)shell righting, a response elicited when shells are overturned and vulnerable to predation. Mechanics and rates of each of these styles of locomotion have been discussed and quantified experimentally by a number of workers (see Haefelfinger 1968; Perron 197810 for aporrhaids; and Berg 1974, 1975 for strombids) . These studies suggest that the primary difference between aporrhaid and strombid locomotion centers on the use of the operculum. The operculum is not well developed in aporrhaids and plays no role in locomotion; normal and escape locomotion and shell righting are all achieved through various movements of the foot. The strombids, on the other hand, have a very well-developed operculum that plays a significant role in locomotion. Normal locomotion in some strombids is achieved through extensions of the footstalk and resembles that of aporrhaids (e.g., Strombz~s maculatus, S. mutabilis) whereas in others the operculum is used in conjunction with movements of the footstalk (e.g., S. gibberulus [see Berg 19741) . For species of comparable size, average rates of normal locomotion are somewhat higher for strombids compared to aporrhaids ( Table 1) .
The difference between the two families becomes most obvious in the rates of escape locomotion. Data from Perron (197810) and Berg (1974) clearly demonstrate that the rate of escape locomotion for Arrhoges occidentalis is strikingly slower than that of various strombid species (Table 1) . This significant difference in rates of escape appears to be due rates for aporrhaids are fast compared to most gastropods.
Predatory mollusks have played an important role in the Mesozoic-Cenozoic evolution of gastropods (Vermeij 1987) . The evolution of the strombid style of escape locomotion is undoubtedly one way to reduce the cost of defense against slow-moving molluscan predators and hence should provide significant ecological benefits, which, given the replacement model discussed above, should lead to the replacement of ecologically similar groups lacking the exaptation.
Taxonomic Diversity Patterns
A Note on Taxonomy.-For the purpose of this study, taxonomic diversity is defined as the total number of genera present during any given time interval. The taxonomy of fossil strombids needs serious revision and some of the problems are similar to those discussed elsewhere for aporrhaids (see Roy 1994 ). An additional problem involves the "pull of the Recent" (sensu Raup 1979 ) and primarily concerns the genus Strornbus. This extant genus has been divided into a number of subgenera (e.g., 12 subgenera in the Indo-Pacific [see Abbott 19601) largely on the basis of a set of characters not easily recognizable in the fossil record (e.g., shell color, subtle differences in ornamentation, and verge, operculum, and radular characters). Thus, it is not clear how these subgeneric groupings compare to the extinct strombid species-groups (i.e., genera) defined mainly on shell shape. In order to assess the potential bias introduced by such taxonomic problems, I computed the diversity of the group using minimum and maximum estimates (Fig. 1) . The minimum estimate treats Strornbus as one genus and omits two other very poorly known late Eocene genera (Cuzulitzia and Lamella) as well as two extant sub-genera of Lambis; the maximum estimate not only includes the Eocene taxa but treats all Recent subgenera of Strombus and Lambis as genera. For the latest Cretaceous and Tertiary, the minimum estimate is 26 genera while maximum estimate is 41 genera. These two values bracket the potential error associated with estimating strombid diversity due to taxonomic problems. The minimum value is, in fact, closer to that of Savazzi (1991) who estimated 25-30 genera of Tertiary strombids. For the aporrhaids, I divided Campanian-Recent aporrhaids into 25 genera using an internally consistent taxonomic framework (see Roy 1994) .
Results.-The strombids and aporrhaids show reciprocal temporal trends in taxonomic diversity (Fig.1) . The aporrhaids achieved highest taxonomic diversity during the Maastrichtian (see Roy 1994 for the Mesozoic history of the group), suffered heavily during the K/T extinction (76% extinction at the generic level), and continued to decline throughout most of the Cenozoic. The strombids, on the other hand, exhibited low diversity during the Cretaceous and were unaffected by the K/T extinction. They radiated rapidly following the extinction event, achieved maximum diversity during middle Eocene, and either declined in diversity thereafter (using the minimum estimate of diversity) or declined during the late Eocene and Oligocene and then rebounded to mid-Eocene levels (using the maximum estimate).
The major phase of replacement (at least from the global taxonomic perspective) occurred immediately after the K/T extinction, followed by a steady rise in strombid diversity and an associated decline in aporrhaid diversity. It appears that the taxonomic replacement of aporrhaids by strombids was essentially complete by the end of the Eocene, and for the rest of the Cenozoic relatively stable proportions were maintained (Fig. 1) . While the two different diversity estimates provide somewhat different pictures of strombid history during the late Paleogene and the Neogene, the differences between the estimates clearly postdate the replacement event. Thus, the patterns of replacement (taxonomic, morphologic, and geographic) discussed in this paper should be robust to these kinds of taxonomic problems.
The reciprocal taxonomic diversity trends show that the major phase of replacement was associated with the K/T extinction but do not provide much insight into the dynamics of replacement during Paleocene and Eocene. Such insight can, however, be obtained from a comparison of the origination and extinction rates of the two groups (Fig. 2) , which shows that: (1)although the diversity of aporrhaids was drastically reduced by the K/T extinction the group showed a substantial taxonomic rebound during the Paleocene, and (2) the postMaastrichtian taxonomic replacement was driven primarily by the higher origination rates of strombids as the extinction rates for both groups remained comparable.
Morphological Diversity Patterns
Methods.-At present there is no single, standard metric that can be used to measure morphologic diversity (Foote 1991a) , and hence a number of different approaches have been proposed (see, for example, Runnegar 1987; Gould 1989 Gould , 1991 Erwin 1990; Foote 1990 Foote , 1991a Foote ,b, 1992 Foote , 1993 Roy 1994) . In this study, I have used 26 shell morphologic characters to define a morphospace for 25 genera of aporrhaids and 37 genera of strombids and to examine changes in patterns of morphospace occupation across the replacement event. Note that I have used the maximum estimate of diversity in this analysis but had to exclude four genera (Pereiraea, Cowlitzia, Lamella, and Sulcogladius) because of insufficient information. Morphologic analyses based on the minimum diversity estimate (not plotted here) yield essentially the same broad replacement pattern.
The 26 characters used here represent those commonly used to define strombid and aporrhaid genera and include both apertural and non-apertural components. Of the 26 characters, 24 are binary and the remaining two have multiple states that were scaled to unity (Table 2) . Q-mode nonrnetric multidimensional s c a h g (MDS) based on a euclidean distance matrix was used to quantify the strombid-aporrhaid morphospace (see Roy 1994 for a description of this method). The scores of the four-dirnension-
Origination Rates
Extinction Rates a1 MDS were sorted stratigraphcally and used defined here as the geometric mean of the rangto visualize the temporal pattern of morpholog-es of ordination scores (Foote 1991a; Roy 1994) . ic change. The scores were then used to quantify
Results.-The first two dimensions of the the changes in morphologic diversity of the two four-dimensional MDS are plotted in Figure 3 . groups through time. Morphologc diversity is These two dimensions separate the taxa main-TABLE 2. List of morphologic characters used to define the aporrhaid-strombid morphospace.
ly on the basis of the shape of their apertural some interesting patterns. During the Maasprocesses. The Shepard plot for the ordination trichtian, the aporrhaids had high taxonomic was linear and the stress of the final configu-diversity and occupied a large segment of the ration was 0.08, indicating low levels of dis-morphospace, while the strombids had low tortion (see Kruskal 1964) . The temporal se-taxonomic diversity and were restricted to a quence of morphospace occupation reveals very small segment of the morphospace. The .
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OO~.e -. . . The ordination was done using the MDS routine in Systat 5.1 (Systat Inc., Evanston, Ill.). These two axes separate the taxa mainly on the basis of the shape of their apertural processes. Note that a substantial part of the aporrhaid morphospace was vacated following the end-Maastrichtian extinction and this part was never recolonized except by the strombid genera Lambis (Mioc-Rec), Millepes (Rec), and Harpago (Rec). The Cenozoic history of the two groups was mainly confined to that part of the morphospace that was relatively unaffected by the Maastrichtian extinction. end-Maastrichtian extinction changed the picture drastically by severely reducing the taxonomic and morphologic diversity of the aporrhaids but not affecting the strombids. A large part of the aporrhaid morphospace was cleared by this extinction and this segment was never reoccupied by either group except very late in the history of strombids. In fact, the entire post-Maastrichtian morphologic history of the two groups was played out in the segment of the morphospace that was relatively unaffected by the Maastrichtian extinction. The only exception is a group of three very closely related strombid genera, of which Lambis evolved during the late Miocene, while the other two, Millepes and Harpago, are both extant and appear to lack a fossil record. These three genera are all characterized by a large multidigitate aperture and are convergent on some of the Mesozoic aporrhaid morphologies (e.g., Harpagodes, see Roy 1994) . Thus the post-Maastrichtian radiation of the strombids, although dramatic from a taxonomic perspective, was restricted to only a small segment of the total morphospace, largely within limits set during the Paleocene. A similar picture emerges when temporal patterns of morphologic diversity are quantified. In this case the geometric mean of the ranges of scores on the first three axes are plotted in Figure 4 . While strombids and aporrhaids do show reciprocal trends in morphologic diversity, the differences are not nearly as striking as in the taxonomic patterns. Aporrhaid diversity decreased following the end-Maastrichtian extinction but then remained virtually stable through the Paleogene and dropped significantly only when diversity dropped to two surviving genera during the Neogene. For the strombids, morphologic diversity increased following the Maastrichtian extinction but then remained remarkably stable through the most of the Paleogene, again indicating that the taxonomic radiation was constrained within a restricted part of the morphospace.
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Geographic Patterns
Methods.-The importance of geographic patterns in analyses of biotic replacements has been pointed out in a number of studies (Krause 1986; Maas et al. 1988; Rosenzweig and McCord 1991) . However, as discussed by Koch (1987) and Koch and Soh1 (1983) , quantitative analyses of geographic distributions of fossil taxa are particularly susceptible to sampling problems. As far as this study is concerned, the geographic record is particularly biased during the period immediately following the end-Maastrichtian mass extinction, be-
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Aporrhaidae 0 Strornbidae FIGURE 4. Temporal trends in rnorphologic diversity shown by aporrhaid and strombid genera. Morphologic diversity is defined as the geometric mean of the ranges of scores on the first three MDS dimensions. cause of the patchy global distribution of Paleocene marine sediments. In order to minimize these problems, I have examined the aporrhaid-strombid replacement pattern using a rather coarse geographic framework that diaporrhaids (see ~d~ 1994)and attempts to reduce sampling problems by grouping data over large areas and multiple facies. Since strombid and aporrhaid gastropods are characterized by similar shell mineralogy, microstructure, and overall morphologies, I have assumed that they have similar preservation potentials.
Results.- Figure 5 shows the total number of geographic divisions occupied by each group from Campanian to Recent. The overall pattern parallels that of taxonomic diversity: the number of geographic divisions occupied by the aporrhaids decreased rapidly following the end-Maastrichtian extinction and with minor fluctuations remained low for the rest of the Cenozoic. The strombids, on the other hand, suffered a slight reduction in their total geographic extent following the end-Maastrichtian extinction but quickly rebounded to their pre-extinction level of geographic occupancy and maintained comparable levels for Strombidae Aporrhaidae o FIGURE 5. Temporal trends in the number of geographic divisions occupied by aporrhaid and strombid gastropods from the Campanian to the Recent. The number of divisions occupied by the aporrhaids fell sharply following the end-Maastrichtian extinction and overall the group was characterized by fairly low values for the rest of the Cenozoic. The geographic occupancy of the strombids was also negatively affected by the Maastrichtian extinction but this group not only quickly rebounded back to pre-extinction levels but maintained comparable levels for the rest of the Cenozoic.
FIGURE6. Percent geographic overlap between strombid and aporrhaid gastropods from Campanian to Recent. Geographic overlap is defined here as (D,, / D,) * 100, where D,, is the number of geographic divisions containing both strombids and aporrhaids, and D, is the total number of divisions containing strombids. Thus 100% overlap means that all divisions containing strombids also had aporrhaids (e.g., Campanian) while Ooh overlap indicates a total geographic separation. the rest of the Cenozoic. An examination of the percent geographic overlap between the two groups suggests that they exhibit reciprocal patterns not just taxonomically but also biogeographically (Fig. 6) . The geographic overlap between the two groups was severely reduced during a 15-m.y. period immediately following the end-Maastrichtian extinction. For the rest of the Cenozoic the overlap decreased steadily but at much reduced rates and was finally completed during the Pleistocene when strombids disappeared from the northern Mediterranean. As mentioned earlier, the West African coast is now the only place where strombids and aporrhaids coexist but even here they appear to be bathymetrically disjunct.
Although the global pattern shows an increase in strombid geographic distribution during the Cenozoic, and concomitant decrease in aporrhaid distribution, the local patterns can be significantly different. This is illustrated by the local histories of three geographic areas, namely, the Gulf and Atlantic Coastal Plain of North America, northern Europe, and the Indian subcontinent and adjacent Southeast Asia (Fig. 7) . All of these areas preserve a relatively continuous (albeit sometimes sparse) temporal record of stromboidean gastropods. In the Coastal Plain, although the taxonomic diversity of the aporrhaids was reduced drastically by the end-Maastrichtian extinction, the strombid radiation was not detectable until the Eocene and the replacement appears to have been completed by the end of Eocene. In contrast, in northern Europe the end-Maastrictian extinction also reduced aporrhaid diversity, but the group rebounded and the major decrease was during the Paleocene, resulting in one surviving aporrhaid genus by the early Eocene. This drop in diversity was accompanied by a rapid taxonomic radiation of the strombids. Strombid diversity, however, declined rapidly during the early Neogene and strombids became extinct in northern Europe by the end of the Miocene. Thus in this area the replacement was never completed and one aporrhaid genus (Aporrhais) has survived. A similar situation also holds for southern Europe (not shown), where the aporrhaids have managed to survive despite a Paleogene radiation of strombids. In the Indian subcontinent, however, the replacement of aporrhaids by strombids was rapid and took place immediately after the end-Maastrichtian extinction. Since the Indian subcontinent is one of the few areas with a good Paleocene record, this rapid replacement is probably real and not simply a taphonomic artifact. In the tropical Indo-Pacific area (not shown), only one aporrhaid genus is known from the Maastrichtian, and this became extinct at the end of Cretaceous. Given the poor Cretaceous and Paleogene records present in this area, the low diversity could reflect a taphonomic rather than a biological signal. Strombids have been present in the Indo-Pacific at least since the mid-Eocene, and present-day levels of strombid diversity were achieved by the Miocene. Several aspects of this replacement need to be emphasized. First, from a taxonomic perspective, the highest rate of replacement was associated with a mass extinction, followed by a recovery of the aporrhaids (as evidenced by high origination rate) during the Paleocene, and the final phase of replacement during the Eocene (Figs. 1, 2 ). During these background times the taxonomic replacement was driven by higher originations in strombids rather than higher extinctions in aporrhaids (Fig. 2) .
Second, the morphologic and geographic diversity patterns differ from the taxonomic pattern in that reciprocal trends, while present, are not strong. The major change in morphologic diversity for both groups was again associated with the end-Maastrichtian extinction event. The subsequent strombid taxonomic radiation was mostly confined to a relatively small segment of the morphospace (with the exception of Lambis and related genera; see Fig. 3 ). To the extent that morphology represents life habits (in this case, at least, there is reason to believe it does; see Savazzi 1991) , I would argue that the morphologic patterns documented here largely reflect the successful, albeit rather specialized, ecological strategy of the strombids. Of course an alternative interpretation would be that the restriction in morphospace is due to phylogenetic and/or developmental constraints. This, however, seems unlikely as at least a few strombids (Lambis, Millepes, and Harpago) evolved a morphology that is highly convergent on some Mesozoic aporrhaid genera (e.g., Harpagodes). It is interesting that the escape response in Re-cent species of Lambis is different from most species of Strombus (Berg 1974) and resembles that of Arrkoges occidentalis. Lambis, Millepes, and Harpago also appear to have always been restricted to the Indo-Pacific and hence are different from most other strombids, which tend to have much broader geographic ranges.
Finally, the geographic data indicate a discordance between the patterns of replacement at a global vs. a local scale. The global geographic pattern is very similar to the taxonomic pattern in that the total number of geographic divisions occupied by the strombids increases through the Cenozoic while aporrhaids show a steady decline. During this time the geographic overlap (on a global scale) between the two groups also declines monotonically. At a smaller geographic scale, however, a more mosaic pattern of replacement is apparent. In the Indian subcontinent and IndoPacific, strombids appear to have replaced aporrhaids shortly after the end-Maastrichtian extinction. In the Coastal Plain the replacement was initiated by the extinction but was not completed until 20-30 m.y. later. In northern and southern Europe aporrhaid diversity showed a drastic reduction by the endCretaceous extinction, followed by a rapid strombid radiation during the Paleogene. Strombid diversity, however, decreased rapidly after the Paleogene and strombids finally became extinct in these areas by the Plio-Pleistocene, while one aporrhaid genus survived. The variations in these local patterns are probably due to the differences in prevailing climatic conditions (see below), again underscoring the point that patterns of replacement may look different at different scales of analysis (see Lidgard et al. 1993 for a similar argument regarding taxonomic diversity).
Thus, the replacement of aporrhaids by strombids involved (1)two groups, both characterized by a specialized set of antipredatory traits with one group being functionally superior, at least with respect to certain attributes; (2) a mass extinction event in which the diversity of the incumbents (aporrhaids) was significantly reduced, thereby diminishing the ecological advantages of incumbency; (3) postextinction replacement of the incumbent mediated by differential origination of strombid genera; and (4) complete geographic overlap of the interacting groups initially but progressive decrease in overlap as one group replaced the other. I interpret these patterns to support the notion that both mass extinction and biotic interactions were important in the replacement of aporrhaids by strombids.
The geographic data also highlight the importance of environmental parameters during replacement. As noted earlier, throughout their evolutionary history the strombids have been confined to tropical and subtropical areas, except during the Paleogene when they show high generic diversity in higher latitudes (e.g., Paris Basin, London Clay). A number of paleoclimatic reconstructions have suggested that near subtropical conditions prevailed in high latitudes during the early Eocene whereas the early Oligocene was characterized by significant cooling (see Zachos et al. 1993 and references therein). Thus the invasion and rapid radiation of strombids in mid-latitude areas during the early Eocene were probably triggered by the climate-mediated expansion of their preferred habitat into these regions. The effects of the Oligocene cooling event, on the other hand, appeared to have been more subtle as the strombids survived in northern Europe (although with very low diversity) till the end of the Miocene. Aporrhaids were moderately diverse in northern Europe during the Paleocene (a result of a rebound after the endCretaceous extinction) but were reduced to one genus by the early Eocene. Thus it seems that strombids did not just radiate in mid-to high-latitude areas during the Paleogene, they actually replaced aporrhaids in these areas. This has important implications from the replacement perspective. In modern oceans, temperate areas serve as refuges for the two surviving genera of aporrhaids. Similarly, in West Africa, where the two groups overlap, the strombid species occurs in shallow, warmer waters and the two aporrhaid species occur at cooler depths (Kronenberg 1991) . It seems reasonable to postulate that the aporrhaid and strombid diversity patterns would probably be very different today if the Eocene climatic warming had not permitted a radiation of strombids into higher latitudes, thereby tem-porarily destroying a large segment of the aporrhaid refugia.
One issue that needs to be addressed here is whether the temperate strombid radiation and aporrhaid decline resulted from biotic interactions when the two groups were brought into contact by environmental change or whether they were simply a differential response to the same environmental change. As Benton (1987) has pointed out, if two groups respond in different (opposite) ways to an environmental change, then a "double-wedge" pattern could result even in the absence of any direct interaction between them. In the present case, biotic interaction seems more likely than differential environmental response for two reasons: (1) aporrhaids were present in tropical as well as temperate areas during the Mesozoic and early Cenozoic, and hence it seems unlikely that they would be adversely affected simply by a change from temperate to subtropical condition; and (2) the geographic data show that the "double-wedge" pattern was also present in lower latitudes where subtropical conditions presumably prevailed throughout (e.g., Coastal Plain, Indian subcontinent).
Biotic Interactions and Replacements.-Can biotic interaction be considered a dominant force in large-scale ecological replacements? While opinion still remains sharply divided on this issue, there is a growing body of evidence arguing in favor of an important role for such interactions. In fact, the lack of empirical evidence for past biotic interactions partly reflects methodological limitations; indeed interactions are extremely difficult to study even in Recent communities. That, however, does not justify the fact that, with a few exceptions, the whole paleobiological debate about biotic interactions has been based on inappropriate data, i.e., taxonomic diversity (see Vermeij 1987; Jackson 1988) . Biotic effects may be important in large-scale replacements, but this fact can never be established solely with taxonomic diversity data, no matter how good. It is probably not accidental that the few recent studies that have examined other kinds of data (e.g., geographic, functional) in the context of replacements have inferred biotic interactions to be important (see Krause 1986; Maas et al. 1988; Rosenzweig and McCord 1991; Lidgard et al. 1993) . The use of different types of data in conjunction will never prove the presence of interaction (or its absence for that matter) but could build a convincing case, which, as pointed out by Roughgarden (1984) , may be all we are after anyway.
Biotic Replacements: What Have W e Learned?-We still poorly understand the macroevolutionary processes underlying large-scale biotic replacements. Unfortunately, one major obstacle happens to be the lack of relevant empirical data that can be used to test various ideas about the replacement process. Conceptual arguments are important and new theoretical models linking ecology and macroevolution are definitely required, but these models can be tested only with the appropriate type of data from the fossil record. Taxonomic diversity data are important as they identify the instances of replacement, but such data are not sufficient to test different models of replacement. Biotic replacement is a complex phenomenon that almost certainly results from the interaction of a number of different forces (e.g., Krause 1986; Maas et al. 1988; Rosenzweig and McCord 1991; Lidgard et al. 1993) . Results of the present study suggest that long-term biotic interactions, mass extinctions, and environmental changes during background times can all play important roles in the replacement process. The relative importance of each of these factors would, of course, vary from one replacement event to another. Thus the question that needs to be addressed (using theoretical models as well as relevant empirical data) is not whether all replacements are driven by biotic interactions, by mass extinctions, or by environmental change, but what is the relative importance of each of these factors in any given replacement event.
